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ABSTRACT 


The necessity for stabilizing a flame ina high speed fiow of 
combustible pas has led to extensive studies of the rnechanism of flarne 
stabilization by bluff bodies. Asa result of these studies it has been 
found that the stability limits depend directly on a characteristic wake 
length and that under certain conditions this characteristic dimension 
depends on the square root of the flame holder scalc. 

In the present investigation the geometry of the flame in the 
stabilization region is examined бу means of photographic and probing 
techniques, The results of the studies show conclusively that for a 
constant blockage ratio, the wake gcometry scales linearly with flame 
holder size. The observed square root dependence of the character- 
istic wake length, and hence of the blowoff velocity, is shown to be 


cirectly caused by blockage effects. 


= 90,4 
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1. INTRODUCTION 


In ramjet engines and turbojet afterburners, it is necessary to 
provide for continuous ignition of a fast moving burnable gas mixture. 
Since the gas speed greatly exceeds the normal burning velocity in the 
mixture, the combustion process must be maintained, or Ћеја', 
within critical physical engine boundaries by artificial means. Such 
a flame stabilization process has been achieved in practice by placing 
а bluff body in the combustible gas stream and igniting the mixture with 
the hot gases that recirculate in the wake. Many investigations have 
been conducted to determine the mechanism of the flame stabilization 
and to determine the important parameters of this method of main- 
taining combustion in a high speed gas stream. 

Early experiments by Nicholson and Ficlds (Ref. 1), Longwell 
(Ref. 2), Scurlock (Ref. 3), and Haddock (Ref. 4) have shown that 
flame stabilization in the wake of a bluff body is possible over a useful 
range of fuel-air mixture ratios and approach gas specds. These 
experiments also indicated that the immediate wake of a bluff body 
flame holder, i.c., the region responsible for the ignition process, 
may be divided into two distinct regions: the mixing zone and the 
recirculation zone, (Ci, Figure і). Nicholson and Fields (Ref. 1) 
showed that the recirculation zone, or eddy region, extends an appre- 
ciable distance downstream, The average gas speed inside this 
recirculation zone has been found to be quite small compared to the 
approach stream velocity, and the temperature in the zone has been 
found by Zukoski (kei. 5), and V. right (Ref. 6), to be very near the 


adiabatic flame temperature. The mixing zone is a turbulent region 





ty 


in which cool combustible material mixes with hot recirculation zone 
gas. Under ordinary operating conditions this zone is turbulont; hov- 
ever, Zukoski (Ref. 7) has shown that a transition occurs near Reynolds 
numbers of the order of 10° and that below this point the mixing zone 
is predominantly laminar. Wright (Ref. 8), Longwell (Ref. 9), and 
Westenberg (Ref. 10) have determined by chemical sampling that the 
chemical reaction takes place largely in the mixing zone at the edges 
of the wake and that the recirculation zone gas consists almost entirely 
of products of combustion. 

| One characteristic of the flame stabilization process which is 
of primary engineering importance is the maximum approach gas 
velocity, for a given fuel-air mixture ratio, at which the combustion 
process сап be maintained. Zukoski and Marble (Ref. 5) have recently 
found experimentally that, for a fixed fuel-air ratio, the gas speed 
past the flame is directly proportional to the length of the recirculation 
zone. This resuli is in agreement with following picture of the 
stabilization mechanism: Ignition of unburat material in the mixing 
zone is effected by mixing of the hot recirculation zone material with 
the incoming mixture. Ignition will occur if the residence time of the 
material in the mixing zone is sufficiently long. However, as the gas 
speed past the flame is increased, the residence time is reduced and 
a condition will be reached such that the flame will blowoff. For similar 
ilameholders, the residence times at blowoff will be equal, and there- 
fore, the ratios of recirculation zone lengths to cas speeds must also 
be equal. Honce, the length of the recirculation zone will be рхорог- 
tional to the gas speed past the flame. (Note that the velocity in this 


correlation is the gas speed past the flame rather than the approach 





gas velocity.) 

Thus, the recirculation zone length igs an important parameter 
of the stabilization process. One of the unexplained results of earlier 
experimental work was that, under certain conditions, the recirculation 
zone lengths and biowoff velocities scale ae the square root of the 
characteristic flameholder dimensions. This result was found to hola 
for such blutí bodies as circular cylinders and "V'' gutterg (Refs. 3 
and 4). Since the mixing zone was turbulent for the Reynolds number 
range of interest in these experiments, a linear dependence rather 
than a square root dependence may be expected, 

The general purpose of the present investigation was to determine 
the scaling laws applicable to that part of the wake which is important 
in the stabilization process. | In particular, it was hoped that this 
investigation would explain the observed square root dependence of the 
recirculation zone length and blowoil velocity on the flameholder size. 

The present work was principally concerned with a study of the 
geometry of the flame stabilized in the wake of bluff body flameholiers, 
ihe ilame spreading rate and the length of the recirculation zone were 
the principal geometrical variables investigated. The Mame width 
downstream of the flameholder was measured as a function of approach 
gas velocity, fuel-air ratio, flameholder diameter, and blockage 
ratio, Cizcular cylincers were used primarily as flameholders with 
representative experiments on other shapes conducted to determine the 
effects of flameholder shape on the flame geometry. 

Base pressure coefficients were investicated in an effort to 
associate the observed flame spreading rate with the fluid dynamic 


variables of the problem. 





Recirculation zone lengths were measured by 2 flow tracer 
technique to determine the effect on the length of the zone, and con- 
sequently the effect on blow-off velocity, of variations in Nameholder 
diameter aud blockage ratio. 

The results of the experiments show conclusively that the observed 
square root dependence of recirculation zone length on cylinder diameter 
із due to variation in blockage ratio, and that for constant blockaze 
ratio tne recirculation zone, and hence the blowoff velocity, will scale 


linearly with flamehoider size. 





ll. EXPERIMENTAL APPARATUS 


A schematic diagram of the basic flow systems used in this investigation 
is shown in Figure 2. The apparatus is made up of the air supply 
and control system, fuel, ignition, and measurement systems, 

A controlled quantity of air was drawn from a well-regulated 
supply and heated to a fixed temperature by passing it through a heat 
exchanger system. The hydrocarbon fuel was injected into the heated 
air stream a sufficient distance upstrearn of the plenum chamber to 
provide a uniform homogeneous gas mixture flowing into the plenum 
chamber. A smoothly converging nozzle connected the plenum chamber 
to the combustion test duct, the contraction ratio of this convergence 
being sufficient to give uniform flow into the combustion duct. 

The test section was a rectangular combustion chamber with 
а! ха cross section. Vycor glass windows, interchangeable with 
water-cooled metal walle, allowed visual and photographic observation 
of the flame for a distance of 5'’ downstream of the flameholder when 


desired, 
Air Su and Control System 


The air supply for combustion was furnished by two recipro- 
ating pumps with combined capacity of 3.7 lbs./sec. at à pressure 
of 100 psi. The rate of mass flow was regulated by a remote controlled 
sonic-throat valve located upstream from the heat exchanger and fuel 
injector, allowing control of air flow independent of variations in fuel 
flow rate, mixture temperature, and combustion chamber static 


pressure. 





The mixture temperature was controlled by heating a shunted 
portion of the air ina shell-and-tube type heat exchanger using a 
turbojet can burner with separate air supply and exhaust as the tube 
heating element. Two butterfly valves operated by a commercial 
coatrol system fixed the amount of air passing through the heat 
exchanger, and thus the mixture temperature. for this investigation 
it was desired to eliminate mixture temperature as a variable in the 
test; thus, for all runs, the mixture temperature was maintained as 
constant as possible at 610°R, the minimura temperature which safely 


insured complete vaporization of all fuel components. 


Fuel System 


The fuel used in these experiments was Union Oil Thinner No. 1 
whose detailed specifications are given in Reference 11, This gasoline- 
type fuel was used because of its uniform chemical properties and 
abundant supply. The fuel tanks were pressurized to 100 psi by use 
oí nitrogen pressure bottles, andá the fuel was injected through a 
constant pressure variable area nozzle 30 feet upstream frora the plenum 


chamber. 


Ienition Sy stem 


Ignition was initiated for each period of combustion by producing 
a high voltage spark between a remotely positioned ignitor: rod and the 
surface of the flameholder. A 19,900 volt power supply provided a 
sufficient spark across approximately 2 1/8 inch gap when the ignitor 
rod was positioned to produce ignition for stoichiometric mixtures ai 


flow velocities up to about 150 £t. /zec. 
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Pleaum Charaber and Nozzle 





Tne plenum chamber was a 15 inch diameter pipe section 5 feet 
long as shown in Figure 2. To break up the high speed air stream enter- 
ing the plenum chamber, an 8 inch diameter perforated baffle plate 
wae positioned just upstream of the chamber and 6 stainless steel 200 
"сүр screens were located at 6 inch intervals inside the chamber to 
reduce the turbulence of the mixture entering the nozzle. A 12 inch 
diameter rupture diaphragm was provided in the side of the plenum. 
chamber at the upstream end to allow quick reduction of pressure in 
the event of blow-back into the plenum chamber; however, no such 
occurrence was experienced during this investigation. 

The nozzle was 18 inches long and reduced the cross-section 
from a 15 inch diameter circle toa 2''x 4' rectangular opening for a 
coniraction ratio of approximately 22:1. Pressure surveys of the 
nozzle showed a flat velocity profile entering the combustion duct for 


all operating conditions. 
Combustion Chamber 


The combustion chan:ber was a 2'' x 4" rectangular flow passage 
2 inches long. It was constructed of cold rolled mile steel and was 
water-cooled, as shown in Figure 3, to prevent А and to 
allow relatively constant bouadary conditions on the flame. The 
flameholders were mounted through 1/8 inch holes across the center 
of the duct as shown in Figure 2, mounted across either the 2^ or 4' 
TS TIN This allowed two area blockage ratios for each size 


flameholder. Uncooled Vycor glass walls were used oa all four 





sides of the duct for the runs requiring visual and photographic observa- 
tion. The glass windows allowed observation from just upstream of the 
flameholder to a position 5 inches downstream. As shown in Figure 3, 
the last 1.5 inch exit portions of the combustion chamber walls were 
film cooled. Tolerances between the windows and supporting wall 
surfaces were made less than 0.002 inches to rainimise wall surface 
discontinuities. The cambustion chamber exhausted into a cross water 
spray and film cooled steel exhause duci 24 inches in diameter located 


approximately İ foot downstream of the combustion chamber exit. 
Flameholders 


The bluff body flameholders primarily used were hollow circular 
cylinders constructed of stainless steel tubing sealed at the ends except 
for 1/8 inch inlet and exit hollow mounting tubes used for mounting 
support, cooling passages, and pressure tap leads. The centers oi 
the flamcholders were located 7 inches upstream írom the chamber 
exit on the centerline plane of the duct. Through-flow of water was 
sufficient to keep the downstream stagnation point of the flameholder 
nearly constant and well below i50°F during the runs. Some typical 


flameholders used in this investigation can be seen in Figure 4. 


Pressure and Temperature Mea suring Equipment 


As indicated in Figure 2, plenum chamber total pressure and 
cornbustion chamber entrance static pressure were measured by water 
and mercury manometers, The plenum chamber total pressure was 
obtained from an ordinary total head tube located on the centerline of 


the plenum chamber downstream of the last calming screen. The 








combustion chamber entrance static pressure tap was located on the 
centerline of one of the 2 inch wide walls, 3 1/2 inches upstreara frorn 
the flameholcer centerline. 

Base pressure measurements were made by sees soldering a 
1/32" diameter tube to the inside surface of the flameholúer with 
1/32'' diameter pressure orifice drilled into the flameholder at the 
central downstream stagnation point. This pressure tube маз Іса 
through the inside of the flameholder mounting to a water and mercury 
manometer and measured against atmospheric pressure. 

A chromel-alumel thermocouple in the plenum cnamber 
actuated a Brown Automatic Potentiometer to give a check measurement 


of the inlet mixture temperature, 


Schlieren Equipment 


The schlieren system used was a conventional double mirror 
type, using a BH-6 mercury vapor light source. The focal length of 
the two 6 inch diameter concave mirrors wes 54 inches. The spark 
system was determined to have a spark duration of less than 7 micro- 
seconds and was synchronized with the camera shutter by a series of 
timing relays. The short spark duration was desired to prevent fogging 
of the film by light from the flame; super XX film was used for all 


photographs. 





ПІ. FLAME WIDTH 


It is reasonable to assume that all geometrical parameters сі 
the flame should scale in the same manner with respect to the character- 
istic dimension of the flameholder. Under this assumption it was 
felt that the flame width, measured at regular intervals downstream 
of the flameholder, would be a convenient method of determining the 
scaling relationship between flame parameters and flamenolder size, 
Circular cylinders were used primarily as ¿lameholders, witna 'V' 
gutter used periodically to check the valicity of the results for different 
geometrical shapes. The independent effects on the flame width of 
varying gas flow velocity, fuel-air ratio, Mlamehoidcr diameter, and 


blockage ratio were determined. 
Measured Techniques 


The boundaries of the flame are defined as the locus of points 
at which the temperature of the gas mixture first begins to rise due 
to the influence of the hot wake. The initial temperature rise in the 
vake gases is rapid enough so that a schlieren photopraph shows the 
boundary as a well defined line between hot wake gases in the mixing 
zone and cold inccming raixture. 

Flame width measurements were made directly from full scale 
negatives (Cf, Figure 5), wits measurement errors loss than os 
inches. Misalignment of the schlieren system and tnuree-dimencional 
density gradients in the flow give rise to measurement errors of no 

Е more than * 0.02 inches. Thus, the overall error in measurements 
is a9 more than 0.93 inches, or approximately 5 per cent for the 


smalicsit measured width. 











Effect of Approach Gas Velocity 


Figure 6 shows the variation of flame width just downstream 
of the flameholder with variation of approach speed from 100 to 437 ft. /sec. 
This data, shown for the 1/2' diameter circular cylinder, is typical 
of that obtained for all cylinders used, i.e., for cylinders varying in 
size from 1/8 inch to l inch in diameter, For this data, the fucl-air 
ratio was kept near the ratio for stoichiometric mixture, 

This plot clearly shows that the flame width for the region 
investigated is independent of approach gas speed, for a speed range 


including both laminar and turbulent flow regimes. 
iiifect of Fucl-Air Mixture Ratio 


Figures 7 and 6 illustrate the dependence of flame geometry on 
the fuel-air ratio for a i/2 inch diameter circular cylinder; for this 
data, the approach gas velocity was kept constant. The data of Figure 
8 shows that for values of fuel-air ratio other than those very near lean 
And rich blowoff, the flame width for a distance of 86 diameters down- 
stream of the flamcholder is essentially independent ef the mixture 
ratio. However, for values of the fuel-air ratio near theo Dlowoff 
conditions, the width tends to increase slightly. Sirnilar results were 
found for ali circular cylindrical flameholders used, 

Near blowoff values of fuel-air mixture ratio, the noise level 
of the combustion process increases. Increase in the amplitude of 
longitudinal pressure waves in the duct may be responsible for the 
slightly greater flame width observed near blow off mixture ratios., 


The increase may also be associated with increased turbulence notea 





ЕС 


at outer cdges of wake near blow off conditions (Cf. Figure 7). 


Effect of Flamcholder Diameter and Blockage Ratio 


Figure 9 illustrates the dependence of flame width on the 
flameholder size for 1/8, 3/16, 1/4, 1/2, and 1 inch diameter 
circular cylinders used as flameholders in the same duct. The curves 
given in this figure were obtained from data plots similar to that given 
in Figures 6 and 8, and covered a wide range of fuel-air ratios and 
gas speeds. In Figure 10, the flame holder diameter is used to 
normalize both wake width and distance downstream. From this plot 
it is evident that the flame width does not scale directly with the size 
of the flamcholder, but rather that at a given distance downstream of 
the flameholder, W/D, decreases rapidly with flameholder diameter. 

Because the circular cylinders are two-dimensional, the area 
blockage ratio, or ratio of frontal area blocked by the flameholder 
to the total cross section area of the duct, is just the ratio of flameholder 
diameter to duct height, i.c., (D/H) 

In these experiments, since the combustion chamber neight 
was kept the same, the blockage ratio D/H increased with increased 
flameholder diameter. As the blockage ratio is increased, it is 
reasonable to expect that the curvature of the streamlines will be 
increased, and consequently the pressure in the flameholder wake 
will be reduced. 

If this is the case, the blockage ratio should have a strong cffect 
on the flame spreading rate near the Mameholcer. This effect was 


investigated by obtaining flame width data for a constant diameter 














flammehoider operating 0: difiercnt blockagw ratios. This was done by 
mounting the flarneholder first across the 2-inch and then across the 


я? 
4 
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4-inch dimension of the duct, thus, doubling the blocikege ratio. ne 
effect of doubling the blockage ratio for а. 1/2 inci circular flameholder 
(Сі. Figure i11) is a definite decrease in flarre width with increased 
blockage. Since this procedure also increases the aspect ratio of the 
flameholders, width measurements of a flame stabilized by a 1/2 
inch diameter flameholder in а duct ; inch wide anc 4 inches high were 
ade. The Gata indicaieb izat the effect of increasing ne aspect ratio 
by a factor of tvo is small and may be neglected., 

figure ig shows e comparison of ame width dato for three 
seis of two different diameter Dameholders operating at the same 
biockage ratio. This data cerionstrates that for equivalent blockage 
ratios, the flame width scales approximately with the ilam.cholder 
diameter. There is a sinali difference shown in tnc flame widths for 


tne flarceholders inounted acrose the ¿“inch dimension of the 2' x 4 


ta 


5 


duct. The difference is apparentiy systematic, with a spread in d 
of approximately 5 per cent between the с inch long ana 4 inch long 
flarneholders of equivalent blockage ratios. This spread may be due 

to erfects of increased flan.ehol.er aspect ratio 2nd non two-dimensional 
ilow. However, these results snow that the blocxage ratico is important 


in fixing the flame width, or spreading rate, near the flarmeholder 


ior blockage ratios as low as 9.05. 











Base Pressure and Blockage Ratio 


In Reference 13 Roshko has shown that the spreading of the 
separated boundary layer from a bluff body and the base pressure 
coefficient for the bluff body are closely related. This suggests that 
the hase pressure coefficient for bluff bodies acting as flame stabilizers 
may be a good index of the effect of blockage ratio on the spreading of 
the flame. Hence, examination of base pressure coefficients for the 
cylindrical flameholder ofíers a possible means of checking the pre- 
viously determined results. 

‘Static pressures were measured at the centrai downstream 
stagnation point of the 1/8, 1/4, 1/2 and 1" diameter cylindrical 
flameholders mounted alternately across each dimension of the 
2 x4'duct. The results, shown in Figure 13, indicate that for 
flameholders operating at the same blockage ratio anc Keynolds 
number, base pressure coefficients agree quite closely and are inde- 
pendent of flazneholder scale and aspect ratio. 

The base pressure coefficients chown in Figure 13 were obtained 
at stoichiometric fuel-air mixture ratio, but considerabie sata was 
taken to prove that for the interesting fuel-air ratio range, this mixture 
ratio has very littie effect on the measured base pressure coefficients. 

The rapid decrease of base pressure coefficient with increasing 
biockage ratio and the good agreement between different diameter 
flameholders operating at the sarne blockage ratios demonstrates that 
the blockage ratio is an importanti parameter ix fixing the flame geometry. 

It is interesting to note thar no large change in the base pressure 
coefficient occurs as transition from laminar to turbulent flow takes 


place in the mixing zone. 








Eifeci of Bluif body Geometry 


There appear to be two classes of bluff body flameholder which 
differ in the rate at which the initial part of the wake spreads. For 
the class of flaraeholder geometries and the range of Reynolds numbers 
investigated in these experiments, the initial spreading rate of the 
flame was large. Flarmeholder shapes such as circular cylinders, 
V-gutters, spheres, discs, and ilat plates are included in this class 
for the Reynolds uumber range investigated. Although flames stabilized 
in the wake of all of these flarcenoláer types have not been thorouchly 
investigated, enough data has been determined to indicate that the 
dependence of flame width on approach gas velocity, fuel-air ratio, 
and blockage ratio is similar to that determined for the circular 
cylinders primarily studied in this investigation. 

Some preliminary studies by Zukoski of as yet unpublished data 
have indicated that there is another group of flamenolder geometries, 
such as a cylinder with a conical nose or a bar with wedge shapet nose 
mounted parallel with tke flow, for which the results reported here 
are not applicable. For tais second type of flameholder the initial 
Пахпе spreading rate is relatively small, and the effects of blockage 
ratio on flame geometry and base pressure coefficient appears to be 


negligible. 
Summary and Discussion 


For flameholders, such as cylinders, for which the initial flame 
spreading rate is large, the wiath of the flame depends strongly on 
the blockage ratio. Гог the initial portion of the flame, the ratio of 


flame width of flaniehcildei diameter decreases rapidly vith increasin, 
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blockage ratio for blockage ratios as low as 0.05. 

2 or this type flameholuer, the dependence of flame width on 
approach gas speed and fuel-air niixture ratio is small tor a region 
of many diameters downstream of the flamcholaer. For flarneholcers 
of different diameter operating at the same blockage ratio, the flame 
widths scale linearly with the diameter oí the flameholder. 

The strong dependence oí base pressure coefficients on blockage 
ratio is to be expected if the increase in gas speeu past the wake with 
increasing blockage ratio is taken into account. The gas speed past 
the flame increases due to the fact that flow area is reducea as blockage 
ratio increases. И {йе assumption is made that the recirculation zone 
is a region of constant static pressure and that Bernoulli's equation 
may be applied, the stream line separating the wake from the approach 
stream will be a constant velocity stream line. Under these condiiions, 
it cau be shown (Cí. Ref. 2) that Ji e = UV where 0 ів 

P 
the velocity along the separation strear. line, V the approach gas 
speed, and o tie base pressure coefficient. 4 comperison oí values 
ої - 4, р with experimentally determinec values ox the ratio 
U/V is given in Table I. Note that Û is determined at the edge of the 
flame near the downstrean: end of the recirculation zone. The agreement 
of the two sets of data is excellent and clearly substantiates the con- 


clusion that the decrease in base pressure is a blockage effect. 
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IV. RECIRCULATION ZONE LENGTH 


Although boundaries between the recirculation zone and mixing 
zone are not easily defined experimentally, the downstream end point 
of the zone is readily determined by an elementary experimental tech- 
nique. This end point is defined as the point farthest downstream from 
the flameholder at which gas flow in the upstream direction can be 
detected. Thus, the downstream end of the recirculation zone can 
be ideally considered as the downstream stagnation point of the wake. 
The length of 22017 zone, "L/', is defined as the distance ігого 
the plane of maximum cross-sectional dimension of the flameholder 
to the end point of the recirculation zone. For the circular cylinder 
flameholders used in this investigation, the origin for recirculation 
zone lengths is the cylinder axis. Recirculation zone lengths definca 


in this manner were determined for a wide range of operating conditions 


and flameholder sizes. 


Mea suring T «chnique 


The end point of the recirculation zone was determined by a 
flow tracer method. A 1/32" diameter probe with a stainless steel 
tip was used to inject a flow of salt water into the hot wake gases. 
This salt water evaporated at the probe exit to give a brilliant yellow 
sodium vapor color which moved with the wake gases. The recircula- 
tion zone end point was determined by moving the probe downstream 
from the flameholder axis to the point at which no sodium vapor flo. ed 
upstream. 


The quantity of recirculating sodium vapor dropped off sharply 
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as tbe probe approached the end of the zone, and it was necessary to 
define the end point às the farthest point downstream at which vellow 
bursts moved upstream on the order of twice per second. The distance 
between this poini and a point just upstrearn at which almost continuous 
upstream flow of yellow color was observed was less than 10 per cent 
of the total recirculation zone length. 

The probe was mounted on a modified lathe compound such that 
the position of the probe could be determined within = 0.05 inches, or 
a reading error of no more than ЕЕ per cent oí the total zone length. 
the recirculation zone lengths were reproducible within 2 to 3 per 
cent so that the overall error in recirculation zone length measurements 


+ 
was of the order of - 5 per ceni. 


Velocity Effects on Recirculation Zone Length 


The dependence of recirculation zone length on approach gas 
speed is strongly affected by the transition from laminar to turbulent 
flow in the mixing zone. The zone length was found to decrease as the 
transition range of Reynolds numbers was approached and to increase 
as the mixture velocity increased above the transition region. It 
was fourd, however, that for high mixture speeds, the zone length 
reached a constant maximum value which was no longer depengent on 
the mixture velocity. This approach to a maximum with increasing 
approach velocity is illustrated in Figure i4. Since the flow X-ynolds 
numbers of engineering interest are in th. turbnulint fiow regir,e „пеге 


L is constant, the quantity 71. is Considered the important recircu- 


гоёх 


latiou zone paraineter. 
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Fuel-Air Ratio Effects 


At flew Reynolds numbers below the value for transition from 
laminar to turbulent flow in the mixing zone, the recirculation zone 
length is strongly dependent on the fuel-air ratio. The results of the 
present work show that for fixed velocity the length is usually “Нэг 
near stoichiometric mixture ratios and longest near either blowoft 
limit. For gas speeds appreciably greater than the transition range, 
the dependence of L on fuel-air ratio is greatly reduced, although ёл: 
increase in the measured value of L on the order of 5 per cent can 5e 
detected near either blow off limit. 

Therefore, in the range of interest, the dependence of zone 


lengthon fuel-air ratio is small. 
Effect cf Blockage Ratio 


The fact that blockage effects are important in fixing the wake 
width suggests that these effects should also be important in fixing the 
lenpth of the recirculation zone. To investigate this possibility, 
recirculation zone lengths were measured for several different flame- 
holder sizes and blockage ratios. This data, presented in Figure l4, 
demonstrates that for equivalent blockage ratios L, /р із арргохі- 
mately the same for different diameter flameholders. To determine 
the effect of changing the aspect ratio of the flameholder, recircula- 
tion zone lengths were also measured using 1/4 and 1/2 inch diameter 
flameholders ina i inch wide by 4 inch high duct. The sone length 
data for the shorter length flameholders is included in Figure 14. It 
can be seen from this ploi that the effect of increasing aspect ratio of 


the flameholder is systematic and that (L/D) increases by upproxi- 
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mately 8 per cent for an e:ght fold increase in aspect ratio. However, 
the data is too limited to determine more than the fact that tne 
Gependence oí L on aspect ratio is very weak. 

The data was then examined to determine the effect of blockage 
ratio on the recirculation zone length. Figure i5 is the inieresting 


result of this investigation. ln this figure,L__._ is normalized by the 


пах 
flameholder diameter and plotted on a logaritnmic scale as a function 
of blockage ratio, This data demonstrates that the recirculation zone 


length depends very strongly on biockage ratio. 


The experimental results plot very nearly as a straight line 


tul 


and indicate that гео is proportional to (D/H) ^ for the range 
1 
of blockage ratios from 0.05 to 0.25. И і ах! Р of (D/H) +, 
ЕТІ 


then for à constant duct heipht, L , /D«4 D $, or р ХЕ Е. 
ma maxz 


ч 


¢ 


This is the relation found experımentally by Zukoski (Ref. 5 ). 
Therefore, the square root dependence of L, and hence of blow. off 
velocity, on flameholder diameter isa undoubtedly primarily due to a 
blockage effect. These results indicate, moreover, that for equivalent 
blockage ratios, the maximum length of the recirculation zone in the 
wake of a circular cylinder flamcholder scales linearly with the flame- 


holder diameter. 
Effect of Flameholder Geometry 


For flameholders suchas У gutters anc spheres tne recircula- 
tion sone lengths also appear to approach a maximum for high flow 
specds, although the range of Reynolds numbers for transition ia the 
mixing, zone is cifferent. l'or tnese flameholder shapes the effecte 


of velocity, fuel air ratio and blockage ratio appear tc he sir.ilar to 


27 





those found for circular cylinders. 

As may be expected from the discussion in section II of this 
report, the cone-cylinder flarmenoider, studied by Zukoslu, appears to 
have recirculation zone lengths which are completely independent of 
gas velocity and blockage ratio. The basic difference between the 

ircular cylincer flameholder mounted across the flow and the cylindric 
flameholdere mounted parallel to the flow appears to be in the angle 


1 


relative to the flow direction at which the initial wake spreads. 


Summar Y 


For flame holders of the circular cylinaer type operating іп 
the turbulent mixing regime, the length ої the recirculation zone is 
substantially independent of the approach flow. velocity and fuel air 
ratio, but is strongly affected by the blockage ratio. The latter 
dependence is of the form І ах! Б x (D/H) 2 for values of thc blockage 
ratio between 0.05 and 0.25. For flame holders operating 2t con tant 


b.ockage ratio, the zone length scales directly with flame holcer diameter. 





V. CISECUSCION AND CONCLUDING REMARKS 


The experimental results demonstrate conclusively that for 
ilameholders similar to the circular cylinder, the biockage ratio has 
a strong influence on the geometry of the immediate wake and hence 
on the biowoff limits for the flare holder. For a duct of fixed size, 
the length of the recirculation zone behind a circular cylinde: flame- 
holder is found to vary as the square root of flame holder diameter, 
whereas for circular cylinders operating at constant blochage ratios, 
tne length scales directly with the flameholder diameter. 

The fact that the wake width is a strong function of the blockage 
ratio suggests that the wake width rather than the flame holder diameter 
should be used as the characteristic dimension of the flameholder-cauct 
flow system. The wake width which is most appropriate for such usc 
is the width evaluated at X= L. However, due to the Umited field 
covered by photographs the width at this position could not be evaluated 
for all flameholders investigated. Furthermore, the width at this 


position is difficult to evaluate due to non-systematic flow disturbances 


Hj 


which start near the downstream end of the recirculation zone. о’ 
these reasons, the width was evaluated at the point Х а 1/2. 


was normalized by the flame width measured ata 


mo q 


When 
a 
distance І. B dowastream of the flameholder, the ratio 

./ Wy was found to be essentially independent of blockage ratio 

жа» 2 
(Cf. Figure 15). The 7 per cent maximum scatter in data (Cf. Figure 


i5) rnay be attributed to the fact that two experimental measurements 





Lh coro spond ACUPEPREEAL ETT are involved i$ determining 
the ratio. The good ggf comment Of ine date incicates that tho flare width 
ig tig correct characteristic dimension anc further tnat the nizing 
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flani;cholder opetating at 2 594 fuel-sir хайсап2 а жас $peod in the 
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turbileat mikink range, buth tae length of the recirculation zone and 
the ratio (V/U) will be decreased; here V is the approach stream 


on “ + 4 = Ж 7 + > é 2 nm бал ` та e хэс ^ «т , уче т З š ve 5- +#« ow 4 
velocity and U is the дай velocity past the flamo ата cdista&cok dOowüNUireain 


onthe fi&n.echolóer. As previously suggested, tone fiow pararmete: of 
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engineering importance lo the approach vas velocity at which cue flame 
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of the ratio V/7J vith incieased blockage has been previously considered 


the fact that blockage also directly affects the flamo stabilization 


2 3 - г к 1 . а а аў е ^ = & са 
mechanism, i.e., by affectine 1, зас» бас әсі been appreciated. 
ای بعک دک‎ 
тпаве Мосханс єЇЙссїв асс ШуесЦу хєлроплїМє foz th- Observed square 


к” 
Li 
Hs 
А. 
С; 
4 
= 
р 
ial 
гу 
ст 
en 
1-1 
$ 
e 1. 
> 
کم‎ 
f 


root dependence of blow off velocity oa flame : 


-а 
з 
$- 
p 
er 
. г 


^» 
$: 
eM 


сн паки duc:. 





a 


^. 


(л 


D 


24 
REFERENCES 


Nicholson, H. M., and Fielás, J. P.: Some Experimental 
Techniques io Investigate the Mechanism of Flame Stabilization 
in tho Waxe of Bluff Bodies. Parti. Third Symposium on Com- 
bustion, Flame, and Explosion Phenomena, Baltimore, Williams 
and Wilkins Company, (1949), pp. 44-62. 


Longwell, J. P., Chenevey, J. E., Clark, W. W., @nd Frost, E. Е.: 
Flame Stabilization by Baffles ina High Velocity Gas Stream. 

Parti. Third Symposiurna on Combustion Flame and Explosion 
Phenomena, Baltimore, Yilliams and Willins Company, (19:39), 

pp. 40-41, 


Scurlock, A. C.: Flame Stabilization and Propagation in High 
Velocity Gas Streams. Meteor Report No. 19, Cambridge, 
Massachusetts Institute of Technology, (May, 19489). 


Haddock, С. U:.: Fleme-Blowoff Studies of Cylindrical Flame 
Holders in Channeled Flow. Progress Report No. 3-24, 
Pasadena, Jet Propulsion Laboratory, (May 14, 1951). 


Zukosxi, Е. E., and Marble, F. E.: Some Experiments Con- 
cerning the Mechanism of Flame Stabilization on Bluff Bodies. 
Proceedings of the Gas Dynamics Symposium on the Theme of 
Aerothermochemistry, Northwestern University Press, 
(Aucust, 1955). 


Wrigat, D. H.: private communications, unpublisnec. 


Zukoski, Е. E.: Flame Stabilization on Bluff Bodies at Low and 
Intermediate Reynolds Numbers. Report No. 20-75, Pasadena, 
Jet Propulsion Laboratory, (Juac, 1952). 


Yrigat, Е. H.: Composition Distribution in a Flarne Held by a 
Bluff Body Flameholder. Report No. 20-226, Pasadena, Jot 
Propulsion Laboratory,{ February 1, 1956). 


Lougwell J. P., Frost, E. E., Gnd еве, hi. fu: Flame 
Stability in Bluff Body Recirculation Zones. Industrial aud 
Engineering Chemistry, Vol. 45, Washington, American 
Chemical Society, (1953), pp. 1629-1633. 


Westenberg, A. A., Beri, W. G., and Rice, J. L.: Studies of 
Plow and Mixing in tac Recirculation Zone of Baffle-Type Tlame- 
holders. Johns Hopxins University Applied Physics Laboratory, 
CM-844, (June, 1955). 


von Gerichten, A. 2.: An Experimental Investigation of the 
Recirculation “¿one of Larninar Flames Stabilized on Bluff 
Bodies at Low Reynolds Numbers. Pasadena, Guggenheim 
Aeronautical Laboratory, Califo: nia institute of Technology, 
(Juac, 1954). 





Roshko, A.: On the Drag and Shedding Erequeney of Two-Dimen- 
sional Bluff Bodies. Technical Note 3169, Washington, National 
Aavisory Committee for Aeronautics, (July, 1954). 








26 


TABLE I 


COMPARISON OF EXPERIMENTAL RESULTS FOR THE RATIO 
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FIGURE 12 
PLOT SHOWING THE EFFECT OF BLOCKAGE RATIO 
ON NORMALIZED FLAME WIDTH 
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